Abstract: 4-Vinylpyridine-divinylbenzene copolymer beads of ~0.3 mm in diameter were synthesized by suspension polymerization technique. The beads were made porous by dilution of the monomers with phthalate esters. The porosity was varied by changing the diluent, by varying the degree of dilution, and by varying the ratio of divinylbenzene in the monomers. Pore volume, surface area, and pore size distribution were determined by mercury penetration method, and densities of the dried copolymers were determined by a measuring cylinder and a balance. Statistical analysis of the data shows that the surface area and swelling coefficient in acetone can be estimated from the pore volume value with a reasonable good accuracy. Pore size distribution curves for the copolymers having pore volume in the range of 0.1 ml/g to 0.8 ml/g are shown. One can approximately estimate the pore size distribution if the pore volume is known. The pore volume can be estimated with a reasonable good accuracy from the density of the copolymers.
Introduction
Macroporous 4-Vinylpyridine-divinylbenzene copolymers are base copolymers of anion exchangers employed in a number of hydrometallurgical processes [1] [2] [3] [4] and water purification processes [5] . Our research have revealed that two of the most important properties of these materials, i.e., working capacity of the ion exchangers and ion exchange kinetics, are strongly dependent on macroporosity of the copolymers [6] . The Macroporosity is defined by the pores of permanent nature in the copolymer matrix, which do not disappear upon drying. The macroporosity is analyzed by mercury penetration method [7] . However, mercury penetration method requires expensive equipment and relatively lengthy analysis procedure. Therefore, we have reported a simple yet reasonably accurate method for estimation of pore volume based on the density of the dried copolymers [8] . In the present study, the simple method of estimating macroporosity characteristics has been extended to estimation of pore size distribution and to estimation of surface area of macroreticular pores.
Results and discussion
The 4-vinylpyridine-divinylbenzene copolymer beads of ~0.3 mm diameter were synthesized by o/w suspension polymerization. The beads were made porous by dilution of the monomers with phthalate esters. Density, pore volume, surface area, and swelling coefficient in acetone of the copolymers synthesized in this study are given in Table 1 . The pore volume of the copolymers was gradually increased by: a) varying diluent from dimethyl phthalate to diethyl phthalate and finally to dibutyl phthalate, b) by increasing dilution of the monomers with diethyl phthalate, and c) by 1 2 decreasing ratio of divinylbenzene (the cross-linker) in the monomers. These results are in accordance with the literature on macroporous 4-vinylpyridine-divinylbenzene [6, 8, 9] . Comparison of the pore volume of 4-vinylpyridine-divinylbenzene from this study with the pore volume of styrene-divinylbenzene [8, [10] [11] [12] [13] from earlier studies showed that porosity controlling parameters, i.e., nature and amount of diluent and amount of cross-linking monomer changed the porosity of the two copolymers similarly and differently. The differences were the following: i) in general, the diluents create more pore volume in 4-vinylpyridine-divinylbenzene than in styrene-divinylbenzene, as illustrated in Fig. 1a , and ii) increasing divinylbenzene ratio in the monomers increases the pore volume in styrene-divinylbenzene, but decreases the pore volume in 4-vinylpyridine-divinylbenzene, as illustrated in Fig. 1b . These differences are related with the different solubility of the copolymers in the diluent [14] .
The pores are formed by the following mechanism [7, [10] [11] [12] . As the polymerization progresses phase separation takes place between polymer phase and the surrounding liquid comprising of diluent and un-reacted monomers. The precipitated polymer forms spherical shapes, called nuclei, which grow into microspheres (also called microgel) and the microspheres agglomerate with each other resulting in the primary network. Upon further polymerization and cross-linkage, the primary network becomes the cross-linked porous network, as illustrated in Fig. 2 . The void spaces in the copolymer matrix, which persist upon drying, define the macroporosity.
Replacing good-solvent diluent with a non-solvent diluent or increasing the amount of diluent results in more porous matrix because of early phase separation and highly entangled and compact copolymer phase in the microshperes. This mechanism explains the observed trends of the pore volume. Pore volume verses average chain length of ester group in phthalate esters diluents (a), and pore volume verses divinylbenzene ratio (b) curves for: -xstyrene-divinylbenzene (dilution with phthalate esters in 'a' and with n-heptane in 'b') from ref. [13] , -o-4-vinylpyridine-divinylbenzene (dilution with phthalate esters in 'a' and with diethyl phthalate in 'b') from this study, -∆-4-vinylpyridinedivinylbenzene (dilution with petroleum ether and cyclohexanone in 4:6 ratio) from ref. [8] . Divinylbenzene was 30% in 'a' and dilution was 50% in both 'a' and 'b'. It can be deduced from the pore formation mechanism that both the pore volume and the pore size distribution are changed simultaneously by any change in the diluent or cross-linking monomer. This deduction leads to the hypothesis that each value of pore volume should be associated with a specific pore size distribution in our experimental conditions. Fig. 3 shows that pore size distributions shift gradually towards larger pores whenever the pore volume is increased, whether the pore volume is increased by changing diluent (Fig. 3a) , or by increasing amount of diluent (Fig. 3b) , or by decreasing amount of cross-linker (Fig. 3c) . Fig. 3 . Cumulative pore size distributions: a) thick, thin, dotted, thin with crosses, and dotted with circle lines are for dilution with dimethyl phthalate, mixture of dimethyl phthalate and diethyl phthalate, diethyl phthalate, mixture of diethyl phthalate and dibutyl phthalate, and dibutyl phthalate, respectively, b) thick, thin, and dotted lines are for 40%, 50%, and 65% dilution with diethyl phthalate, respectively, and c) thick, thin, and dotted lines are for 20%, 25%, and 30% divinylbenzene in the monomers, respectively.
It can be observed that when the pore volumes are nearly the same, the pore size distributions are almost the same, e.g., see thick line in Fig. 3b and thin line in Fig.  3c , both representing copolymers having ~0.6 ml/g pore volume. This observation supports the above mentioned hypothesis. The hypothesis has previously been supported with several practical examples for the case of styrene-divinylbenzene copolymers [13] . Therefore, it can be said that if the pore volume of 4-vinylpyridinedivinylbenzene copolymer is known, the pore size distribution can be predicted. For this purpose, the pore size distribution curves of 4-vinylpyridine-divinylbenzene copolymers with pore volume ranging from 0.1 ml/g to 0.8 ml/g are illustrated in Fig.  4 . Some exceptions to this general rule for estimating the pore size distribution were observed in this study. It should be mentioned here that the pore volume and pore size distribution also depend on the post processing conditions [15, 16] . Therefore, it should be kept in mind that the procedure described above makes an approximate estimate of the pore size distribution under the experimental conditions of this study. Further, the assumptions and hypothesis discussed in this article are valid for the case of organic liquid diluents, and they are not valid when porosity is generated by some other means, e.g., by using some template or by using polymeric diluents. The surface area is directly proportional to the pore volume and inversely proportional to the average pore diameter (assuming cylindrical pores). The average pore diameter is dependent on the pore size distribution. Therefore, the hypothesis that each value of pore volume is associated with a specific pore size distribution leads to the conclusion that each value of pore volume should be associated with a specific value of surface area. This conclusion has been verified by the results of this study as well as by the results of our earlier study [8] on macroporous 4-vinylpyridinedivinylbenzene, as shown in Fig. 5 . The best fit equation between pore volume (V in ml/g) and surface area (A in m 2 /g) was found to be the following:
Square of the Pearson product moment correlation coefficient through data points in known y's and known x's (R 2 ) is close to 1 proving a close match between y's and x's. The R 2 between surface area measured by mercury porosimetry (see Table 1 ) and estimated surface area by equation 1 was found to be 0.8. 4 . Representative pore size distribution curves for 4-vinylpyridine-divinylbenzene copolymers: a) cumulative pore size distributions, and b) pore volume density distributions. The pore volume of 0.1 ml/g, was obtained by employing 50% dilution with methyl-iso-butylketone and 30% divinylbenzene in the monomers. Experimental conditions for the rest of the copolymers are given in Table. 1.
The polymers swelled in acetone to a different extent depending on their pore volume, are shown in Fig. 6 . The best fit equation between the swelling coefficient in acetone (SC a ) and pore volume (V) was found to be the following: The pore volume can be estimated from the density (d) of the dried copolymer beads, as described earlier [8] by the following equation:
Estimated Pore Volume = 13.22d 2 -15.64d + 4.7223 (3) The R 2 between the pore volume measured by mercury porosity in this study (see Table 1 ) and the pore volume estimated by equation 3 was 0.99.
The R 2 values in the range of 0.8 to 0.99 show that the equations 1, 2, and 3 can estimate surface area, swelling coefficient in acetone and pore volume with a reasonable good accuracy. This study also shows that the pore size distributions can be approximately estimated from the pore volume. The results and the statistical analysis presented in this study will be useful to the researchers for obtaining the 6 7 tailored products and for estimating macroporosity characteristics of 4-vinylpyridinedivinylbenzene copolymers.
Experimental part
4-Vinylpyridine was vacuum distilled and divinylbenzenes (comprising of 60% divinylbenzene isomers (DVB), and ~40% ethylvinylbenzene isomers) was washed with dilute sodium hydroxide. Diluent and other chemicals were of analytical grade and were used as received. Monomers and diluent were mixed and benzoylperoxide (1% by weight) was dissolved in the mixture to initiate polymerization. The mixture was suspended in water at a 1:5 volume-to-volume ratio, under mechanical stirring, for half an hour, at room temperature. Gum Arabic, gelatin, and NaCl, 1.5%, 1.5%, and 1% of water by weight, respectively, were pre-dissolved in the water. Temperature was raised to 80 o C for 20 hours. Then, the copolymer beads were filtered out in a Buckner funnel and washed with hot water. The diluent and any unreacted monomers or homo-polymers were extracted with acetone.
The beads were left to swell in acetone for 16 hours. Excess acetone was removed by centrifugation and the volume of the acetone-swollen beads (V s ) was recorded. The beads were dried at 110 o C until constant dry weight (W d ). The dried beads were packed in a measuring cylinder with tapping and their volume (V d ) was measured. Density (d) of the dried beads was calculated from the weight and volume of the dried beads. The swellability coefficient in acetone (SC a ) was calculated by using the following formula:
The recovered yield of the copolymers was more than 80% in all experiments. The DVB contents in the copolymers were calculated by using the following formula:
DVB (%) = (V DVB x 60)(V DVB + V 4VP )
Where V DVB is the volume of DVB in the monomes, V 4VP is the volume of 4-vinylpyridine in the monomers, and 60 appears in the numerator because DVB was 60% pure.
Pore volume, surface area, and pore size distribution of the dried beads were determined by a mercury porosimeter, Autopore II 29220 from Micromeritics. The pore size distribution is presented as cumulative pore size distribution. The pore volume density distribution is defined as the linear derivative of the cumulative pore volume curve with respect to the pore diameter. The empirical relationships between pore volume and surface area and between pore volume and swelling coefficient in acetone were obtained by the best fit regression equations using Microsoft Excel. R 2 was calculated by the software.
